A second polymorph of the hydrochloride salt of the recreational drug ethylone, C 12 H 16 NO 3 + ÁCl À , is reported [systematic name: (AE)-2-ethylammonio-1-(3,4-methylenedioxyphenyl)propane-1-one chloride]. This polymorph, denoted form (A), appears in crystallizations performed above 308 K. The originally reported form (B) [Wood et al. (2015) . Acta Cryst. C71, 32-38] crystallizes preferentially at room temperature. The conformations of the cations in the two forms differ by a 180 rotation about the C-C bond linking the side chain to the aromatic ring. Hydrogen bonding links the cations and anions in both forms into similar extended chains in which any one chain contains only a single enantiomer of the chiral cation, but the packing of the ions is different. In form (A), the aromatic rings of adjacent chains interleave, but pack equally well if neighbouring chains contain the same or opposite enantiomorph of the cation. The consequence of this is then near perfect inversion twinning in the structure. In form (B), neighbouring chains are always inverted, leading to a centrosymmetric space group. The question as to why the polymorphs crystallize at slightly different temperatures has been examined by density functional theory (DFT) and lattice energy calculations and a consideration of packing compactness. The free energy (ÁG) of the crystal lattice for polymorph (A) lies some 52 kJ mol À1 above that of polymorph (B).
A second polymorph of the hydrochloride salt of the recreational drug ethylone, C 12 H 16 NO 3 + ÁCl À , is reported [systematic name: (AE)-2-ethylammonio-1-(3,4-methylenedioxyphenyl)propane-1-one chloride]. This polymorph, denoted form (A), appears in crystallizations performed above 308 K. The originally reported form (B) [Wood et al. (2015) . Acta Cryst. C71, 32-38] crystallizes preferentially at room temperature. The conformations of the cations in the two forms differ by a 180 rotation about the C-C bond linking the side chain to the aromatic ring. Hydrogen bonding links the cations and anions in both forms into similar extended chains in which any one chain contains only a single enantiomer of the chiral cation, but the packing of the ions is different. In form (A), the aromatic rings of adjacent chains interleave, but pack equally well if neighbouring chains contain the same or opposite enantiomorph of the cation. The consequence of this is then near perfect inversion twinning in the structure. In form (B), neighbouring chains are always inverted, leading to a centrosymmetric space group. The question as to why the polymorphs crystallize at slightly different temperatures has been examined by density functional theory (DFT) and lattice energy calculations and a consideration of packing compactness. The free energy (ÁG) of the crystal lattice for polymorph (A) lies some 52 kJ mol
À1
above that of polymorph (B).
Introduction
Ethylone [also called 3,4-methylenedioxy-N-ethylcathinone or (AE)-1-(1,3-benzodioxol-5-yl)-2-(ethylamino)propan-1-one], (I), is controlled as an amphetamine analogue under the Controlled Drugs and Substances Act in Canada. Ethylone was patented in 1996 as an antidepressant (Jacob & Shulgin, 1996) and some analytical data were published shortly thereafter in an effort to rapidly identify this compound should it appear in the underground drug market (Dal Cason, 1997) . However, two different polymorphic forms of the hydrochloride salt of ethylone, herein labelled (A) and (B), were discovered when seized exhibits of ethylone hydrochloride intercepted at the Canadian border were found to have different spectroscopic data (FT-IR, FT-Raman and powder X-ray diffraction) compared with those from a synthesized reference standard (Maheux et al., 2015) . We have found that different methods of preparation of ethylone hydrochloride at room temperature produced large block-shaped crystals of form (B), small crystals of form (A) that were not suitable for crystallography, or a mixture of both. Polymorph (A) appears as very small fine needle crystals. A typical large specimen among these small crystals measured 0.5 Â 0.5 Â 15.0 mm. If (A) is recrystallized at a temperature above 308 K, then polymorph (A) persists.
After many recrystallization attempts, it was found that if solid (A) was left in contact with a saturated solution of the compound in a 50:50 v/v water-methanol mixture [essentially damp crystals, since (A) is very soluble] and this mixture was left in a temperature cycler for a period of more than four weeks, then ultimately a few needle-shaped crystals up to 0.3 mm long and of a quality just suitable for an X-ray crystal structure determination were obtained. We report here the crystal structure of (A) at 160 K, together with a comparison with the structure of (B) at 100 K, which has been reported recently (Wood et al., 2015) , although we have also determined the structure of (B) at 160 K, at room temperature and at 313 K and found no phase change across this temperature range. We also consider reasons why there are two polymorphs and suggest why they might form at different temperatures.
Experimental

Synthesis and crystallization
Samples of synthesized and seized ethylone hydrochloride were supplied by the Canada Border Services Agency. A small sample of polymorph (A) was dissolved in a methanol-water mixture (50:50 v/v) and allowed to evaporate slowly in a temperature cycler that raised and lowered the temperature of the solution over the range 308-311 K, with each complete cycle (308-311-308 K) lasting about 40 min. When very little liquid was left, the vial was sealed tightly and the temperature cycling continued for four weeks. The final result contained many very fine needles, but among the lumps a few larger needle-shaped crystals were found, the largest of these were approximately 0.04 Â 0.05 Â 0.30 mm and were (just) suitable for X-ray crystal structure determination.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . All H atoms were placed in geometrically idealized positions and constrained to ride on their parent atoms, with N-H = 0.91 Å and C-H = 0.95 (aromatic), 0.98 (methyl), 0.99 (methylene) and 1.00 Å (methine), and with U iso (H) = 1.5U eq (C) for the methyl groups and 1.2U eq (C,N) otherwise. Initial refinement of the completed structure model yielded an absolute structure parameter of 0.497 (12), based on the quotients method (Parsons et al., 2013) , which indicated the presence of an inversion twin. For the final refinements, the TWIN/BASF instructions were included in the SHELXL2014 instruction file (Sheldrick, 2015) , so as to include the contribution of both twin components to the structure-factor calculations during the least-squares optimization, and the major twin fraction refined to 0.50 (5). This procedure is important when an inversion twin has been detected, because, in the absence of these instructions, the absolute structure parameter calculated by SHELXL2014 is only done post-refinement, without including the contribution from the inverse model in the leastsquares calculations. When the absolute structure parameter deviates significantly from zero and its standard uncertainty is sufficiently small for the value to be meaningful, failure to include TWIN/BASF in the refinement can lead to bias in the final model. In this case, refinement without TWIN/BASF led to R[F 2 > 2(F 2 )] = 0.069, compared with the lower value of 0.067 associated with the reported refinement results for which these instructions were included.
Results and discussion
Ethylone, (I), is constructed from an aromatic planar 1,3-benzodioxole [1,2-(methylenedioxy)benzene] unit with a C(O)C(CH 3 )NHCH 2 CH 3 side chain at the 4-position of the benzene ring. In the hydrochloride salt of ethylone, the N atom of the free base is protonated (see Scheme). Polymorph (A) of the hydrochloride salt crystallizes in the space group P2 1 2 1 2 1 with one cation and a chloride anion in the asymmetric unit (Fig. 1) . The cation contains a chiral C atom (C8), Refined as an inversion twin using 929 Friedel pairs Absolute structure parameter 0.50 (5) yet the compound is a racemate and in the chosen crystal crystallizes as a perfect inversion twin. The two NH 2 + H atoms hydrogen bond to two symmetry-related Cl À ions, with HÁ Á ÁCl distances of 2.24 and 2.30 Å ( Table 2 ). This links the ammonium groups of the cations to the anions in an alternating sequence into a simple zigzag chain that propagates parallel to the [010] direction and can be described by a graph-set motif of C 1 2 (4) (Bernstein et al., 1995) . The direction of the hydrogen-bonded chains corresponds to the needle axis of the crystal (b axis). The alkyl groups of the cations are directed towards the core of the chain, while the planar aromatic groups of adjacent cations within the chain are disposed alternately on opposite sides of the chain core (Fig. 1b) and, in the crystal, these planar groups lie almost exactly on and parallel to the (100) plane. Fig. 2 shows a view of the crystal packing projected down [010] parallel to the chain axis, so, for example, the bottom left shows the chain spiralling along a 2 1 screw axis going into the page. Adjacent chains along the [100] direction are simply repeats by a unit-cell translation. If one such sequence of parallel chains is considered, then the aromatic groups slot neatly between those from the neighbouring equivalent sequences on either side in the [001] direction, although they are offset in the [010] direction to preclude the existence of -stacking interactions. This is shown by the central vertical stack of aromatic groups in Fig. 2 . This interleaving provides an explanation for both the formation of the inversion twin and the difficulty in growing a crystal of any size. In the crystal, each hydrogen-bonded chain is a unique enantiopure unit. Yet the next chain, formed in the crystal by the interleaving of the aromatic planar groups (leftto-right in Fig. 2 ), has no guiding requirement other than that all cations in that chain be the same enantiomorph; the packing is such that a chain need not contain the same enantiomorph as that in an adjacent chain. However, the chains above and below (top and bottom left in Fig. 2 ) will probably need to be composed of the same enantiomorph, thus the crystal will form enantiopure layers lying parallel to (001), but with each layer able to be composed of either one of the two enantiomorphs. This random packing of the layers of the two enantiomorphs will produce an inversion twin. Moreover, the very precise requirement within any one chain and layer of having a single enantiomorph within that chain and layer, while a cation of either enantiomorph can slip into any slot, makes construction of a layer a process potentially littered with errors, which lead to defects that have to be corrected before the crystal can grow to any size. If the errors were not corrected, the structure would necessarily be disordered, which is not observed with the crystal used for the measurements.
The structure of polymorph (A) described here was determined at 160 K. The structure has also been determined at room temperature where, apart from the expected differences caused by the rise in temperature, it is exactly the same as the low-temperature structure and there is no indication of a Table 2 Hydrogen-bond geometry (Å , ). phase change to polymorph (B). Similarly, the structure of polymorph (B) shows no indication of a phase change to polymorph (A) across the temperature range from 100 (Wood et al., 2015) to 313 K, as mentioned above. Polymorph (B) crystallizes in the centrosymmetric space group P2 1 /c with thus both enantiomers present as a perfect racemate. The hydrogen-bonding scheme in (B), not described in detail by Wood et al. (2015) , also produces a simple single chain sequence with the C 1 2 (4) motif (Fig. 3a) , where the aromatic groups again alternate on opposite sides of the chain. Here, however, the cations are much more tightly concentrated so that the aromatic groups on each side of the chain are now tightly packed together (Figs. 3a and 3b) and there is no possibility of interleaving with an adjacent chain. Since the chain is of a zigzag nature and propagates along a 2 1 screw axis, each chain, as expected, contains only one of the two enantiomorphs, while the chain related by the inversion centre contains the other enantiomorph.
Once the cations in each polymorph are examined, the reason for the two polymorphs is immediately obvious. The carbonyl group in polymorph (A) is oriented in the opposite direction with respect to its orientation in polymorph (B) relative to the fused-ring system. Essentially, the entire side chain is rotated by approximately 180 about the C1-C7 bond linking the side chain to the ring system (Fig. 4) . Thus, each polymorph contains a completely different conformer. Given the considerable molecular reorganization required to change from one conformation to the other, it is not surprising that no phase change is observed in the solid state when moving from the preferred crystallization temperature of one polymorph to that of the other.
An examination of Figs. 1(b) and 3(b) shows a considerable difference between the arrangement of adjacent aromatic groups within the hydrogen-bonded chain of each of the two polymorphs. This is perhaps the result of -stacking of the aromatic groups of adjacent cations for (B), which is not available for (A). In (A), the aromatic groups of the cations pack side-by-side along b, with very poor overlap with the groups in the cations above and below, while in the crystal of (B), pairs of aromatic groups from adjacent chains manage a reasonable overlap of the benzene rings at a centroid-centroid distance of 3.6174 (12) The remaining question is why polymorph (A) is formed at temperatures above 308 K, when (B) is preferred at, or below, room temperature (293 K). To examine this question we need to consider (a) the relative solvation energies for the two conformers of the ammonium cations, plus the solvation energy of the chloride ion, (b) the activation energy barrier for conversion of one conformer of the solvated ammonium cations into the other conformer, (c) the activation energy for the change from solution state to solid state, (d) the concentration of the two conformers when crystallization occurs, (e) the difference in the lattice energies of the two polymorphs, and (f) effects of spontaneous nucleation (Fig. 5) .
Given the complexity of the methanol-water system used for crystallization, we did not investigate variable (a), other than to recognize that the solvation energies of the two conformers will be different. It has been noted that solvation of alkylammonium ions is different from that of the ammonium ion and is influenced by electrostatic nonlocal interactions involving the alkyl groups (Vallet & Masella, 2015) .
Variable (b) was estimated using density functional theory (DFT) computations (GAUSSIAN09; Frisch et al., 2010) using the wB97XD/6-311+g(d) level functional (Chai & HeadGordon, 2008 ) and basis set. Solvation was modelled using the self-consistent reaction field polarizable continuum model (SCRF-PCM; Tomasi et al., 2005) with the solvent set to the dielectric constants for either methanol or water. All structures were fully optimized and a frequency analysis was done also, which gave energy minima having no imaginary frequencies and transition states with one. The comparable gas-phase computations were made for comparison. Results giving the free energies (ÁG) are given in Table 3 . Thus, the transition state energy relative to the two conformers appears to be slightly higher in water and their solvation energies also reflect the differences in solvent polarity.
Variables (c) and (d) were deemed to be not quantifiable, but variable (e) could be computed. This was done using the CP2K computation suite for condensed matter (Hutter et al., 2014) at the PBE+D3(TZV2PX) level. The computations were done within periodic boundary conditions with four cations and four anions per unit cell (132 atoms), with pseudopotentials for all atoms and 376 valence electrons per unit cell. These computations showed that the free energy (ÁG) of the crystal lattice for polymorph (A) was some 52 kJ mol À1 greater than that of polymorph (B). Finally, variable (f) was also considered not to be quantifiable.
These energy values in conjunction with the recrystallization observations suggest a plausible explanation for the formation of the two polymorphs. At the higher recrystallization temperature in the methanol-water system, the single cation with the anion of the (A) conformer, which is more stable in solution than that of the (B) conformer, dominates. At this higher temperature, with the moderate activation energy barrier for the (B) conformer to change to (A), the (A) polymorph is formed. As the temperature falls, the cations and anions start to aggregate and at this point the more compact aggregate (compare Figs. 1b and 3b ) favours the more stable crystal structure, which is (B), and the (B) polymorph is formed. Table 3 Relative free energies for polymorphs (A) and (B), as well as the rotational transition state TS(AB) in the gas phase [298 K, 1 atm (1 atm = 101 325 Pa)] and applying the self-consistent reaction field polarizable continuum model (SCRF-PCM) for methanol and water (298 K, 1 atm) 
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